ABSTRACT The large multimeric glycoprotein von Willebrand Factor (VWF) plays a pivotal adhesive role during primary hemostasis. VWF is cleaved by the protease ADAMTS13 as a down-regulatory mechanism to prevent excessive VWF-mediated platelet aggregation. For each VWF monomer, the ADAMTS13 cleavage site is located deeply buried inside the VWF A2 domain. External forces in vivo or denaturants in vitro trigger the unfolding of this domain, thereby leaving the cleavage site solvent-exposed and ready for cleavage. Mutations in the VWF A2 domain, facilitating the cleavage process, cause a distinct form of von Willebrand disease (VWD), VWD type 2A. In particular, the VWD type 2A Gly1629Glu mutation drastically accelerates the proteolytic cleavage activity, even in the absence of forces or denaturants. However, the effect of this mutation has not yet been quantified, in terms of kinetics or thermodynamics, nor has the underlying molecular mechanism been revealed. In this study, we addressed these questions by using fluorescence correlation spectroscopy, molecular dynamics simulations, and free energy calculations. The measured enzyme kinetics revealed a 20-fold increase in the cleavage rate for the Gly1629Glu mutant compared with the wild-type VWF. Cleavage was found cooperative with a cooperativity coefficient n ¼ 2.3, suggesting that the mutant VWF gives access to multiple cleavage sites of the VWF multimer at the same time. According to our simulations and free energy calculations, the Gly1629Glu mutation causes structural perturbation in the A2 domain and thereby destabilizes the domain by~10 kJ/mol, promoting its unfolding. Taken together, the enhanced proteolytic activity of Gly1629Glu can be readily explained by an increased availability of the ADAMTS13 cleavage site through A2-domain-fold thermodynamic destabilization. Our study puts forward the Gly1629Glu mutant as a very efficient enzyme substrate for ADAMTS13 activity assays.
INTRODUCTION
The multimeric protein von Willebrand Factor (VWF) is essential for the initial platelet adhesion and subsequent thrombus growth as it promotes the binding of platelets to injured vessel walls (1) . The size distribution of VWF is regulated by the protease ADAMTS13 (a disintegrin and metalloprotease with thrombospondin type 1 motif, member 13). The enzymatic cleavage of VWF by ADAMTS13 represents a crucial control mechanism in hemostasis (2, 3) . The ADAMTS13 specific cleavage site of VWF is located at the peptide bond Tyr1605-Met1606, which is deeply buried in the VWF A2 domain (4) (Fig. 1, A and B) . This has been shown to be mechanosensitive such that the A2 cleavage site is accessible only if the A2 domain is mechanically stretched (5-7). We recently showed that shear flow in vitro, above a critical shear rate, results in ADAMTS13 specific cleavage of full-length VWF, in agreement with hydrodynamic models of flow-induced shear stress in VWF multimers (8) . In vivo, stretching is believed to be triggered by shear flow, for instance arising at injured endothelium or stenosed arteries.
A severely deficient ADAMTS13 activity correlates with increased amounts of highly active, high molecular weight multimers (HMWM) of VWF that cause a thrombotic microangiopathy, which is commonly referred to as thrombotic thrombocytopenic purpura (TTP) (9) (10) (11) . TTP is caused either by mutations of the ADAMTS13 gene or by acquired autoantibodies that inhibit ADAMTS13 activity (12) . In contrast, quantitatively and/or functionally deficient VWF causes the common bleeding disorder von Willebrand disease (VWD) (13, 14) . There are several mutations in the VWF A2 domain, identified in patients with VWD, which induce increased ADAMTS13-mediated proteolysis of VWF (13, 14) . This pathological condition is known as VWD type 2A with enhanced proteolysis, featuring a profound deficiency of the functionally most active VWF-HMWM.
Enhanced proteolysis has been attributed to mutationinduced structural destabilization of the A2 domain, which promotes its unfolding and thereby facilitates exposure of the ADAMTS13 cleavage site (7, 15, 16) . In a broad study, Hassenpflug et al. investigated the impact of 13 different clinically relevant VWD type 2A mutations on ADAMTS13-dependent proteolysis (17) . They found that 11 of the studied mutants showed increased specific proteolysis compared with wild-type VWF. For four of these mutants (Gly1609Arg, Ile1628Thr, Gly1629Glu, and Gly1631Asp), this even held true in the absence of denaturing urea. Intriguingly, these four mutants, when expressed by recombinant techniques, featured normal protein expression and normal size distribution of VWF HMWM. Moreover, the three mutations in which a glycine residue was replaced by a charged residue (Gly1609Arg, Gly1629Glu, and Gly1631Asp) exhibited both an increased proteolysis of full-length multimers and of VWFA1-A2-A3 fragments. The latter constitutes a simple system to monitor the specific action of ADAMTS13 on VWF, and it is thereby of potential use for the detection of ADAMTS13 in vitro. In particular, the mutant Gly1629Glu displayed the most dramatic acceleration in ADAMTS13-mediated proteolysis, even under nondenaturing conditions. Therefore it constitutes a very promising candidate to develop highly sensitive diagnostic ADAMTS13-detection assays.
Although the effect of the Gly1629Glu (G1629E) mutation on the static multimer size distribution has been determined (17) , quantification of its impact on the cleavage kinetics is lacking so far. Furthermore, the molecular mechanism by which this mutation drastically enhances proteolytic cleavage remains to be fully resolved. In this study, we address these issues by using fluorescence correlation spectroscopy (FCS), molecular dynamics (MD) simulations, and free energy calculations. We used FCS, in addition to VWF multimer analysis, to detect in vitro the cleavage of full-length recombinant G1629E mutant VWF (rVWF-G1629E) compared with recombinant wild-type VWF (rVWF-wt). We observed an increment of the cleavage rate for the rVWF-G1629E mutant to timescales of minutes, in the absence of mechanical stress or denaturing agents. This was found to be~20-fold faster than the cleavage rate for denatured rVWF-wt. The enzyme kinetics exhibited cooperative behavior with a cooperativity coefficient n ¼ 2.3 in contrast to noncooperative Michaelis-Menten type kinetics found for native VWF under denaturant conditions (8) . Free energy calculations and MD simulations support the hypothesis that the elevated propensity of VWF-G1629E to ADAMTS13 cleavage is due to the destabilization of the mutated A2 domain. We discuss possible applications of rVWF-G1629E as enzyme substrate for standard ADAMTS13 assays in clinical laboratories.
MATERIALS AND METHODS

Protein expression
Recombinant fusion proteins of green fluorescence protein (eGFP) with rVWF-wt and rVWF-G1629E, respectively, were produced as described before (18) . rVWF-wt and rVWF-G1629E proteins were expressed as multimers, whereby each monomer was linked to an eGFP protein at the FIGURE 1 ADAMTS13-dependent proteolysis of VWF. (A) The scheme depicts a VWF multimer indicating the domains which constitute a VWF monomer and highlighting the ADAMTS13 Y1605-M1606 cleavage site in the A2 domain (purple). The von Willebrand factor disease type 2A mutation G1629E increases ADAMTS13-mediated VWF proteolysis (green). (B) Secondary structure of the A2 domain (cartoon) is shown. The cleavage-site residues Y1605 and M1606 are buried at the core of the protein in the beta strand B4 (purple sticks and balls). The G1629 residue locates in the strand B5 (green sticks and spheres). Flow induces the unfolding of the A2 domain, thereby exposing the cleavage site to ADAMTS13. (C) Multimer analysis of ADAMTS13-induced cleavage is provided. ADAMTS13 concentration represented in percentage of normal plasma level. In nondenaturing buffer, wild-type recombinant VWF (rVWF-wt) showed no degradation up to ADAMTS13 concentrations of 10% (left panel). The mutant rVWF-G1629E shows the characteristic bands of degrading VWF multimers with increasing ADAMTS13 concentrations (right panel). To see this figure in color, go online.
C-terminal domain. Full-length ADAMTS13 cDNA was cloned into the expression vector pIRES neo2 for stable transfection of HEK 293 cells by liposomal transfer under selective pressure 48 h after transfection (17) . Wild-type rhuADAMTS13, secreted to the medium, was used for cleavage experiments.
Plasma samples
Plasma samples were collected from normal volunteer donors in S-monovettes, coagulation sodium citrate (Sarstedt, Germany). After leaving the sample at room temperature for 30 min, they were centrifuged (10 min, 2300 rpm). The supernatant was stored at -80 C until further use. Informed consent was obtained from all subjects.
Multimer analysis
rVWF-G1629E (1 U/mL) with a full spectrum of multimers was first dialyzed in 5 mM Tris-HCl (pH 8.0) and thereafter mixed with plasma samples (containing normal concentrations of ADAMTS13) diluted in 5 mM TriHCl (pH 8.0). After activation with 250 mM BaCl2 ADAMTS13-mediated cleavage took place for 3 h at 37
C. VWF multimer analysis was carried out by sodium dodecyl sulfate (SDS) agarose gel electrophoresis, immuno blotting, and luminescent visualization as described in (19) . The luminescent blot was saved on electronic media via photo imaging (FluorChem8000; Alpha Innotech, San Leandro, CA) (20) .
FCS
Purified rVWF-G1629E fusioned to eGFP was added to blood plasma and the fluorescence intensity in a laser focus was monitored over time. The autocorrelation of the fluorescence signal determined the number concentration of fluorescent VWF molecules online. This was achieved by means of the amplitude of the autocorrelation curve G(0), which is inversely proportional to the number of fluorescent molecules in the confocal volume, G(0)~1/N (21). Thus, cleavage of fluorescent rVWF-G1629E multimers by ADAMTS13 is detected by the increase of the effective number of fluorescent VWF molecules. FCS measurements were run on an Axiovert 200 microscope with a ConfoCor 2 unit (Carl Zeiss, Jena, Germany), equipped with a 40Â (NA ¼ 1.2) water-immersion Apochromat objective (Carl Zeiss) and a 488 nm argon laser for illumination. Experiments were carried out in eight-well LabTek I chamber slides (Nunc, Rochester, NY) in 5 mM Tris-HCl (pH 8.0) containing 10 mM BaCl2 for 10 times 6 min on rVWF-G1629E and for 20 times 9 min on rVWF-wt (owing to the decreased cleavage). For measurements in blood plasma, the plasma was diluted to the desired concentration with Tris-HCl buffer. For rVWF-wt, 1.5 M urea was added, based on the commonly used protocol (2, 22, 23) . The setup was calibrated measuring eGFP for 20 times 60 s in the corresponding buffer. The temperature was set to 37 C (heating stage, ibidi GmbH, Martinsried, Germany). Correlation analysis was performed using the ConfoCor 2 software. FCS data was analyzed as described in detail before (8) . Analysis of diffusion constants for recombinant VWF constructs recovered from FCS is presented in the Supporting Material. FCS measurements under blood plasma conditions was performed by adding recombinant rVWF-G1629E to varying concentrations of normal plasma of a healthy volunteer. In this case, ADAMTS13 activity was quantified in highly diluted plasma samples, containing only 1% to 5% normal plasma (NP).
Free energy calculations
Free energy calculations were performed to determine whether the G1629E mutation destabilizes the VWF A2 domain. The relevant measure for this destabilization is the difference in unfolding free energies for the mutant and the wild-type protein: DF G1629E -DF wt . This quantity was computed following the thermodynamic cycle, from the free energy difference due to the mutation in the folded (DF 1 ) and unfolded (DF 2 ) states, DF 2 -DF 1 . DF 1 and DF 2 were obtained by performing multiple nonequilibrium MD runs, in which the glycine residue was mutated into a glutamic acid, and vice versa (see the Supporting Material). The free energy was estimated via the Crooks fluctuation theorem (24) , from the nonequilibrium work associated to this transition, by means of a Bennett acceptance ratio as maximum likelihood estimator, a method proposed by Shirts et al. (25) to estimate equilibrium free energies from nonequilibrium measurements (a method called here BAR-ML). For comparison, we also predicted a rough estimate of the free energy by computing the intercept of the work distributions recovered from forward (glycine to glutamic acid) and backward (glutamic acid to glycine) nonequilibrium transitions (26, 27) (an approach named here Intercept). See details of the free energy calculations in the Supporting Material. The corresponding change in the equilibrium unfolding constant upon mutation was estimated from exp[-(DF G1629E -DF wt )/ k B T], with k B the Boltzmann constant and T the temperature. In our case, T was 300 K, therefore k B T was approximately 2.5 kJ/mol.
Equilibrium MD simulations
Equilibrium MD simulations were carried out starting from the solvated conformation of the VWF A2 domain (x-ray structure PDB: 3GXB (15)). Simulations were performed with the GROMACS package (28-30) (4.5.5 version) following the procedure described in (31) , both for the wild-type domain (five runs of 200 ns each for 1 ms concatenated simulated time, one of the runs taken from our previous study (31) ) and for the mutant G1629E (four runs of 200 ns each for 0.8 ms concatenated simulated time). The first 50 ns of the simulations were considered as equilibration time and discarded for further analysis. The G1629E mutation was introduced by using the PyMOL software (32) . See details in the Supporting Material.
A partial least square functional mode analysis (PLS-FMA), consisting of a multivariate linear regression (33) , was carried out to identify conformational changes of the VWF A2 domain induced by the mutation G1629E (see details in the Supporting Material). The root mean square fluctuation (RMSF) of the atomic positions was computed by time-averaging concatenated simulations of either the wild-type or the mutant domain. Force distribution analysis (FDA) (34) was performed to monitor changes in the internal stress of the protein upon mutation. Time-averaged pairwise forces <F ij > were computed for all residue pairs (i,j) of the A2 domain, in its wild-type (<F ij (wt)>) and mutated (<F ij (G1629E)>) forms. The difference DF ij ¼ <F ij (G1629E)> -<F ij (wt)> was subsequently calculated as a measure of the change in internal stress after mutation.
RESULTS
Multimer analysis
We first corroborated the increased degradation of VWF containing the G1629E mutation, under nondenaturing conditions, using gel analysis ( Fig. 1 C) . Different ADAMTS13 concentrations were added to a constant amount of rVWF-wt and rVWF-G1629E, respectively. Whereas no shift in multimer sizes was detected for rVWF-wt up to ADAMTS13 concentrations of 10% of the physiological amount in normal plasma, NP ( Fig. 1 C, left) , multimer sizes decreased rapidly for rVWF-G1629E with increasing ADAMTS13 concentration ( Fig. 1 C, right) . Note, that even in the absence of ADAMTS13 the VWF mutant was degraded to some extent just after dialysis in the 5 mM Tris-HCl. Hence, our recombinant proteins (wild-type and mutated) reproduced the same cleavage response as in previous studies (17) .
Fluorescence in vitro assay to monitor ADAMTS-13 mediated cleavage
We next devised an in vitro FCS assay to go beyond static gel assays and thereby monitor over time the cleavage of rVWF-G1629E by ADAMTS13. Fig. 2 A illustrates the FCS autocorrelation signal of 6 nM rVWF-G1629E at four successive time points, in the presence of ADAMTS13 at a concentration of 0.3 U/mL (30% NP). The amplitude of the autocorrelation shifted toward lower values, thus indicating that fluorescent rVWF-G1629E multimers are cleaved by ADAMTS13. Note that neither denaturing substances nor shear flow were applied for these experiments. Nevertheless, cleavage was observed within minutes ( Fig. 2 A, inset). The increment of rVWF-G1629E fluorescent fragments, and thereby of the protein concentration, with time defines the cleavage rate dC/dt (expressed in molar VWF concentration over time in Fig. 2 A, inset). Therefore, our FCS assay directly quantifies the VWF cleavage rate-without denaturants or flow-and thereby can be used as a measure for ADAMTS13 activity.
Cleavage kinetics of rVWF-G1629E
We quantified the ADAMTS13-mediated cleavage kinetics of rVWF-G1629E by using FCS (Fig. 2 B) . We find a positive reinforcing effect similar to a cooperative Hill-type behavior, i.e., the probability of binding to a cleavage site of one multimer is enhanced immediately after cleaving the same multimer at another site. Fitting with
2, a maximum cleavage rate v max ¼ 143.2 5 0.4 pM/min, and a VWF-G1629E concentration producing half maximum cleavage K A ¼ 11.5 5 0.5 nM. In the case of more dilute plasma (0.17% NP), we obtained n ¼ 2.4 5 1.3, v max ¼ 74.1 5 7 pM/min, K A ¼ 11.9 5 2 nM consistent with the 0.5% NP data. Note that for cleavage of the denatured VWF-wt, we previously observed noncooperative Michaelis-Menten kinetics (8) . Moreover, a 15-fold-reduced Michaelis-Menten constant K M ¼ 171 5 85 nM was found compared with the K A value for rVWF-G1629E cleavage.
We next investigated the effect of increasing the concentration of ADAMTS13 in the buffer on the cleavage rate of rVWF-G1629E (Fig. 2 C) . We considered a physiologically and clinically relevant range of ADAMTS13 concentrations, ranging from 5% to 30% of the NP amount. rVWF-G1629E concentration was maintained constant at 6 nM, within the most sensitive concentration regime for FCS measurements. Within that range, we detected a linear response, whose fit yielded an increase of the cleavage rate of 1.61 5 0.08 nM/min/[C ADAMTS13 ] (with [C ADAMTS13 ] the ADAMTS13 concentration in % of NP). Note that a similar linear response increment (1.50 5 0.04 nM/min/ [C ADAMTS13 ]) was obtained when reducing the concentration range down to 0.5% to 5% (inset of Fig. 2 C) . This demonstrates that the FCS assay is highly sensitive for rVWF-G1629E cleavage by ADAMTS13 at activities down to 0.5% of the physiological level. This feature could be exploited to improve the detection resolution of commonly used diagnostic assays, which lies between 2.5% and 5% (35, 36) . 
Effect of the G1629E mutation on the cleavage kinetics
We measured the effect of the G1629E mutation on the proteolytic kinetics by comparing cleavage rages of the rVWF-G1629E mutant with those of rVWF-wt (Fig. 3) . For rVWF-wt, a denaturing buffer was used to make the cleavage site accessible for ADAMTS13. Furthermore, threefold prolonged measurement times were needed to achieve a reliable signal-to-noise ratio. The urea-containing buffer could only partly unfold the A2 domains and not all of them, thereby not all the cleavage sites may have been fully exposed (37) . FCS measurements of the diffusion coefficients of rVWF-wt dimer and rVWF-G1629E dimer in nondenaturing and denaturing buffer confirmed the observation of partial unfolding (Fig. S1) . In contrast to this, for rVWF-G1629E, cleavage rates were increased 20-fold. Here, no denaturant was added, thus stressing on the remarkable protein destabilization imparted by the G1629E mutation. Consistently to the observed cooperative Hill-type behavior, the increase of protein concentration resulted in increased cleavage rates (compare 6 nM with 24 nM in Fig. 3 ). Taken together, our FCS results show that the G1629E mutation has a profound effect not only on the (static) VWF size distribution upon cleavage, but also on the actual kinetics of this process.
Free energy calculations
Our experiments raised the question about the mechanism by which the G1629E mutation accelerates cleavage. The mutation could destabilize the VWF A2 domain, thereby making this domain more prone to unfold and to expose its Y1605-M1606 cleavage site faster in its mutated form compared with its wild-type form. The structural consequences of other VWD type 2A mutations on the integrity of the A2 domain have been assessed in earlier MD simulations (16) . For direct comparison with the FCS measurements, we quantified the extent of destabilization by performing MD-based free energy calculations (Fig. 4) . We assessed the thermodynamic stability of the A2 domain upon G1629E mutation from the difference in unfolding free energies of the wild-type (DF wt ) and the mutant (DF G1629E ), which we computed following the thermodynamic cycle depicted in Fig. 4 . We obtained DF G1629E -DF wt ¼ -11.8(2.4) kJ/mol using the BAR-ML method. This value is consistent with the rough estimate of -9(<6) kJ/mol, derived with the Intercept approach (Fig. S2) and with the value of -8.4 kJ/mol obtained from the PoPMuSIC web server (38) , an estimate based on the static x-ray structure of the A2 domain. The predicted value (-11.8 kJ/mol) is fivefold larger than its statistical error (2.4 kJ/mol), thus DF G1629E -DF wt is significantly smaller than zero. Gapsys et al. (39) , in a recent large-scale scan mutation study, demonstrated that charged-changing mutations (as it is our case) induce free-energy changes deviating around 4.32 kJ/mol from the experimental values. Although this study was conducted for a different protein, it suggest that if we underestimated the free energy difference, it would not be by more than 4.32 kJ/mol, supporting therefore that our predictions (-9 or -11.8 kJ/mol) are significantly distant from 0. A negative value of DF G1629E -DF wt implies that unfolding is energetically more favorable for the mutant. Thus, the G1629E mutation thermodynamically destabilizes the A2 domain.
The computed free energy difference results in a~110 fold increase in the equilibrium unfolding constant of the FIGURE 3 Cleavage of the mutant rVWF-G1629E compared with cleavage of rVWF-wt both in normal plasma (1.5 M of urea was added in the case of rVWF-wt as a denaturing agent). The cleavage of mutant rVWF-G1629E is increased 20-fold compared with denatured rVWF-wt. Linear fits are indicated as dotted lines. Highly diluted plasma samples, containing only 1% to 5% of normal plasma, were considered. To see this figure in color, go online. FIGURE 4 Free energy calculations reveal a destabilization of the VWF A2 domain upon G1629E mutation. The thermodynamic cycle depicts the change in protein stability of the A2 domain upon the G1629E mutation. We computed the difference in free energy, DF G1629E -DF wt , by using the Bennett acceptance ratio as a maximum-likelihood estimator (called here BAR-ML), a method to estimate equilibrium free energies from nonequilibrium calculations (25) . For comparison, we also predicted rough estimates of the free energy by computing the intercept of nonequilibrium forward and backward work distributions (called here Intercept) and by using the PoPMuSIC web server (38) that yields an estimate based on the static x-ray structure of the A2 domain. We obtained DF G1629E < DF wt implying a destabilization and shorter unfolding time for the mutated A2 domain. Values in parenthesis indicate the error estimate, which is an upper boundary in the case of the Intercept method.
Cooperative Destabilization of VWF Biophysical Journal 112, 57-65, January 10, 2017 61 VWF A2 domain upon mutation employing BAR-ML (~30-to 40-fold using the PoPMuSIC and the Intercept rough methods, respectively). This increase in rate is in qualitative agreement with our cleavage measurements in the absence of urea and shear, which showed no cleavage of the VWFwt, even after waiting 3 to 5 h, and a substantial reduction of this dwell time to~15 min for the VWF-G1629E mutant. Our calculations thus suggest that increased ADAMTS13 cleavage rates are attributable to a local destabilization causing faster unfolding of the mutated VWF A2 domain.
Molecular dynamics simulations of the VWF A2 domain with and without G1629E mutation
We performed equilibrium MD simulations to examine the structural destabilization of A2 induced by the G1629E mutation, which gives rise to the increased cleavage rates (Fig. 5) . Within the simulated timescale of hundreds of nanoseconds, the A2 domain remained folded in both its wild-type and its mutant form, maintaining its globular shape and keeping the ADAMTS13 cleavage site Y1605-M1606 shielded. This suggests that stretching of the A2 domain, necessary for ADAMTS13 cleavage, occurs spontaneously on a longer timescale. Nevertheless, the simulations allowed us to capture sources of A2 destabilization. By using PLS-FMA, we identified primarily helix H5, located near the G1629 residue, as a region of major structural adaptations to the G1629E mutation, and, to a smaller extent, the loops L5-6 and L3-4, which are not in direct contact with the perturbed residue (Fig. 5 A) . In accordance, we observed a broader conformational variability for the mutant due to statistically significant local fluctuations at the helix H5 and loop L5-6 (Fig. 5 B) . Remarkably, the knotted C-terminal part of the protein (residue index < 1580) presented small RMSFs both for the wild-type and the mutant. This implies a high structural stability for this region and is in concordance with previous computational studies (7) .
Finally, we analyzed whether the mechanical strength of the A2 domain was changed upon mutation. To this end, we computed the internal stress of the A2 domain in its wildtype and mutant forms. We observed that the mutation induced drastic changes in many of the residue pairwise forces, which provide a measure of the internal stress (Fig. 5 C) . These changes were not only observed locally at the mutation site but also extended to other distant parts of the protein including the ones hiding the ADAMTS13 cleavage site. Thus, in addition to local structural changes adjacent to the site of mutation, the G1629E exchange also induces a global mechanical perturbation of the VWF A2 domain.
DISCUSSION
In this study, we quantified the impact of the VWD type 2A mutation G1629E on the cleavage kinetics of VWF, by using FCS. Furthermore, we provide a molecular explanation to the accelerated proteolysis imparted by this mutation, employing free energy calculations and MD simulations.
The FCS in vitro assay allowed us to go beyond conventional static gel analysis to obtain a kinetic description of the cleavage process. The fluorescence-based approach directly yielded the cleavage rate of VWF as a function of the ADAMTS13 concentration and revealed an acceleration of cleavage to timescales of minutes due to the G1629E mutation. The observed 20-fold increment in the cleavage rate for rVWF-1629E compared with rVWF-wt-even in the absence of denaturants or flow-implies that G1629E does not only modify the equilibrium size distribution, but it also strongly alters the cleavage kinetics of VWF. Previous gel analysis estimated~5-fold increased cleavage rates for isolated A2 domains containing the VWD type 2A mutations I1628T and E1638K (16) . Our study expands these findings by revealing G1629E as another mutation with increased proteolytic kinetic activity. Furthermore, our results suggest that FCS is a very flexible tool to assess the cleavage kinetics in principle of any construct all the way up to ultra-long VWF multimers, complementing singledomain standard gel assays.
The observed cooperative Hill-type cleavage behavior might possibly be attributable to the fact that the destabilized structure of several mutated A2 domains gives access to multiple cleavage sites at the same time. The hypothesis of a destabilized A2 domain in the mutant VWF is supported by MD simulations showing that the G1629E mutation induces structural and mechanical destabilization of this domain, near and well beyond the site of mutation. This result is consistent with previous MD simulations (16) that also identified structural perturbations of the A2 domain induced by other three VWD type 2A mutations. Destabilization was calculated to correspond to a free energy difference of~11.8 kJ/mol using the BAR-ML method and of~8-9 kJ/mol using either the Intercept method or the PoPMuSIC web server predictor. Note that determination of the free energy from the intercept of the forward and reverse work distributions suffers from the choice of the bin width of the distributions and the PoPMuSIC web server does not consider dynamic information. These difficulties are not encountered in the BAR-ML method. Hence, among the three, the BAR-ML estimate (-11.8 kJ/mol) constitutes the most accurate prediction of the change in free energy. This destabilization leads to a~110-fold increase in VWF A2 unfolding probability in agreement with the experimental finding that cleavage by ADAMTS13 is strongly increased. Therefore, our computational approach did not only allow for the identification of structural perturbations of the A2 domain, induced by the G1629E mutation, but quantified the enhanced A2 unfolding probability, and thereby how readily it is prepared for cleavage. Beyond the scope of this article was to study other VWD type 2A mutations. Nevertheless, future studies could follow a similar strategy, involving free energy calculations, to discern whether this group of mutations indeed destabilize the A2 domain. Interestingly, the three VWD type 2A mutations that featured normal protein expression and normal size distribution of VWF HMWM as well as an increased proteolysis of both full-length multimers and of VWFA1-A2-A3 fragments are replacements of a glycine residue by a charged residue (G1609R, G1629E, and G1631D). Furthermore, they locate in sequence not so far away from Glycine 1629. Therefore, it will be highly interesting to investigate whether these three mutations follow similar general destabilization principles as the one proposed here to induce accelerated proteolytic cleavage. Our approach could also be employed to test if the mutations may also enhance the binding of ADAMTS13 to the unfolded A2 domain, thus speeding up the recognition of the alreadyexposed cleavage site. This could be an alternative or additional molecular mechanism for VWD type 2A.
In summary, we studied the impact of the VWD type 2A mutation G1629E on the proteolytic cleavage of VWF driven by ADAMTS13. FCS measurements revealed that the loss of ultra-long multimers for the mutant VWF-1629E is associated to a dramatic cooperative increment in its proteolytic kinetic activity. To our knowledge, this constitutes the first quantification of the kinetic alteration of VWF cleavage due to a disease-related mutation. Free energy calculations and MD simulations support a molecular mechanism in which the increment in cleavage is associated with the destabilization of the VWF A2 domain. Such destabilization makes this domain more prone to unfold and thereby to expose more readily the ADAMTS13 cleavage site. FCS and MD-based free energy calculations offer an excellent combined approach to better understand VWD, by deciphering which mutations follow similar destabilizing mechanisms as G1629E and which ones on the contrary change the binding affinity of ADAMTS13 to A2.
The rVWF-G1629E mutant exhibited a linear response between the cleavage rate and the ADAMTS13 content, over a broad range of enzyme concentrations. In FIGURE 5 Structural, dynamic, and mechanical destabilization changes of the VWF A2 domain upon G1629E mutation recovered from MD simulations. (A) Structural changes of the A2 domain (ribbon presentation) induced by the G1629E mutation were recovered by performing a partial least square functional mode analysis on the MD simulations. Helix H5, and loops L5-6 and L3-4 showed the largest structural differences (black: wild-type, green: mutant). The alpha carbon atoms of the Y1605, M1606, and G1629 residues are presented with spheres. (B) RMSF of each residue is shown (same color code as in A). The secondary structure of the A2 domain (top) indicates the termini (Nt and Ct), the strands (B1...B6), the helices (H1...H6), and the loops (L3-4 and L5-6). The ADAMTS13 cleavage site Y1605-M1606 (YM) is highlighted in purple and G1629 in green. Residues with statistically significant differences in RMSF are highlighted with * (student's t-test, p < 0.05). Loop L3-4 showed pronounced but not statistically significant RMSF differences. (C) Changes in the internal stress of the protein upon G1629E mutation recovered by FDA are depicted. The secondary structure of the protein is spanned around the circle. Each point of the circle corresponds to a residue, ranging from the N-terminus at 0 degree to the C terminus at 360 degree. The Y1605-M1606 (YM) cleavage site and the G1629 residue are highlighted in color. Each line connecting two points corresponds to the difference DF ij for the residue pair (i,j). Here, DF ij ¼ <F ij (G1629E)> -<F ij (wt)>, with <F ij (wt)> the time-averaged pairwise force of the residue pair (i,j) in its wild-type form and <F ij (G1629E)> in its mutated form. DF ij is displayed according to the color scale at the bottom, varying from a substantial reduction (blue) to a substantial increase (red) in the internal stress, with no change in white. Here, only statistically significant DF ij are shown (p < 0.05). To see this figure in color, go online.
consequence, rVWF-1629E could serve as a highly sensitive ADAMTS13 detection marker, even at very low enzyme concentrations (0% to 5% of the NP amount). This mutant also offers the advantage that it does not require denaturants or flow as catalyzing agents, as other commonly used assays employing rVWF or VWF fragments do. In consequence, rVWF-G1629E has potential use as a sensitive substrate for fast and accurate fluorescent-based laboratory tests of ADAMTS13 activity in full blood samples. Quantitative biophysical studies combined with molecular dynamics prove valuable to clarify specific enzymatic disease-related deficiencies of central constituents of the coagulation cascade, such as VWF, and potentially open opportunities for enhanced clinical diagnosis.
SUPPORTING MATERIAL
Supporting Material and Methods and three figures are available at http:// www.biophysj.org/biophysj/supplemental/S0006-3495 (16) 
S1. Diffusion constant of recombinant VWF constructs
We observed that cleavage rates were increased for cleavage of rVWF-G1629E compared to cleavage of denatured rVWF-wt. We assumed that the denaturing buffer only partly opens the rVWF-wt molecule, while the mutation might induce a more pronounced conformational change.
This assumption is in line with a study of Singh et al. who showed that urea-containing buffer only partly destabilizes VWF and does not completely open the A2 cleavage domain (1) . To quantify the difference in dimer conformation as a result of urea-containing buffer with the impact of the G1629E mutation on its conformation, we compared the diffusion coefficients of rVWF-wt dimer in nondenaturing and denaturing buffer, and rVWF-G1629E dimer ( Figure S1 ). We obtained an extremely (2)), and D G1629E,nd = 18.9 µm 2 /s (nondenaturing conditions). These data confirm the conception of only partly opening due to urea, while the mutation induces an increased destabilization. Figure S1 . Autocorrelation curves of rVWF-wt dimer and rVWF-G1629E dimer under nondenaturing conditions. Change in diffusion constant reflects the conformational change of the rVWF dimer due to mutation G1629E. The diffusion coefficient of rVWF-wt dimer under denaturing conditions has been published before (2) . Inset: Magnification to illustrate the change in the diffusion constant.
S2. Free energy calculations
Free energy differences were obtained by thermodynamic integration (3), gradually morphing the glycine residue into a glutamic acid ( Figure S2A ). The Hamiltonian of the system, H, was coupled to a parameter λ:
Thus, at λ = 1 it corresponded to the Hamiltonian of the glycine residue, while at λ = 0 to the one of the glutamic acid. The work associated to such morphing transitions was computed by
From the "forward" (P G→E (w)) and the "reverse" work distribution (P E→G (w)), the free energy ∆F was obtained, through the Crooks fluctuation theorem (4):
Here β 
where denotes average over transitions. ∆F was obtained by solving numerically equation 4, as proposed earlier in (6, 7) by using the "analyze crooks" script from the pmx library (8, 9) .
Uncertainty of ∆F was estimated by bootstrapping, solving equation 4, 100 times, by randomly selecting different forward and reverse work data sets in each run. This bootstrap calculation was also performed with the help of the the "analyze crooks" script (8, 9) .
For comparison, a rough estimate of the free energy was obtained, as the work value w * at which the two distributions intersected: P G→E (w * ) = P E→G (−w * ) and thereby ∆F = w * (Intercept, figure S2B ,C, right). Work distributions were generated reducing the bin size ( Figure S2B ,C, insets).
The free energy was found in the bin where the two distributions overlapped. The bin size at which the free energy stabilized around a constant value (changes smaller than 0.5 %) was considered (the middle as the free energy estimate and half its size as an upper boundary of the free energy uncertainty). For ∆F 1 and ∆F 2, a bin size of 9 kJ/mol (thus an upper boundary of the uncertainty of 4.5 kJ/mol) was obtained. 400 free energy runs were performed for each transition ( Figure S2B ,C, left panels). For the transition in the folded state, the residue G1629 of the VWF A2 domain was morphed to obtain ∆F 1. Instead, for the transition in the unfolded state, the middle glycine of a GGG tri-residue peptide (which resembles a totally stretched fragment) was morphed to obtain ∆F 2. Errors obtained separately for ∆F 1 and ∆F 2, were propagated to obtain the error of ∆F 1 − ∆F 2. In addition, a static estimate of ∆F 1 − ∆F 2 was obtained from the PoPMuSIC web server (10) based on the X-ray structure of the A2 domain.
S3 Molecular dynamics simulations parameters and algorithms
Molecular dynamics (MD) simulations were carried out with the GROMACS package (11-13), equilibrium runs with the 4.5.5 version and non-equilibrium free energy transitions with the 4.6
version. 
Equilibrium MD simulations
The Amber99sb-ildn* force field (14-16), the TIP3P model (17) , and Joung parameters (18) were used for the protein, the water molecules, and the ions, respectively. Non-bonded short-range interactions were considered by a Lennard-Jones potential within a cut-off region of 1 nm. Electrostatic interactions were computed by using the particle-mesh Ewald method (19, 20) . The LINCS (21) algorithm together with virtual interaction-sites (22) were included to constraint all the bonds lengths and angular motions involving hydrogen atoms inside the protein. The SETTLE algorithm (23) was used to constraint both bond lengths and angles for the water molecules. Constraints algorithms allowed to numerically integrate Newtonian equations of motion at discrete time steps of 4 fs by using the leap frog algorithm. Temperature was held constant by coupling the system to a velocityrescaling thermostat (24, 25) (reference temperature=300 K and coupling constant τ = 0.5 ps).
Pressure was maintained constant by using the Parrinello-Rahman barostat (26) (reference pressure=1 bar and coupling constant τ = 5.0 ps). Production runs were preceded by a steepest-decent energy minimization and 1-ns solvent equilibration steps, with the protein harmonically restrained (harmonic force constant of 1000 kJmol −1 nm −2 ) in the latter.
Non-equilibrium free-energy MD simulations
Each transition was conducted during 400 ps of non-equilibrium MD. Starting conformations were selected from the equilibrium MD simulations of the wt VWF A2 domain (for forward transition), G1629E VWF A2 mutant (for reverse transition), and from 50 ns equilibrium MD simulations of the GGG and GEG peptides for the forward and reverse transition, respectively. Same simulation parameters were used as for the equilibrium MD simulations of the VWF A2 domain, except that no restriction on the angular degrees of freedom of hydrogens were imposed, thus implying a time step of 2 fs. Also, an additional 500 ps solvent equilibration step (with the protein harmonically fixed, elastic constant of 1000 kJmol −1 nm −2 ) preceded all the free energy runs of the A2 domain.
An additional sodium ion, changing its charge from q = 1 (λ = 0) to q = 0 (λ = 1), was added to compensate for the appearance of the glutamic acid charge, and thereby the system was maintained electrically neutral. Soft-core potential functions (27) were used for the non-bonded interactions (α=0.3, σ=0.25, and a soft-core power of 1). The GROMACS version including soft-core potential functions was kindly provided by Vytautas Gapsys.
S4. Partial least squares functional mode analysis
A partial least squares functional mode analysis (PLS-FMA) (28) was carried out to identify structural changes induced by the G1629E mutation. The PLS-FMA method is a multivariate linear regression of the form f (t) = X(t)B + E, in which the time-dependent functional variable f (t)
is maximally correlated with the time-dependent atom positions X(t) of a set of atoms. This is done through the collective vector B, by minimizing the square roots of the E residuals. Displacements along the collective vector B (called PLS vector) are correlated with changes in f (t). B is constructed as a linear combination of uncorrelated k regressors (PLS components), each one constructed from a linear combination of the original coordinates X(t) which maximizes the covariance with f (t).
In our case the functional variable f was the mutation state of the A2 domain, ranging between zero (wild type) to one (G1629E). We thus assigned the number zero to all snapshots of the wild type trajectories and one to the ones of the G1629E trajectories (Black line in Figure S3A ). X(t) were the time-dependent atomic coordinates of the backbone and first carbon of the side chains of the A2 domain, extracted from the simulations. The PLS vector B separates the structures associated with wild type from the ones associated the G1629E mutant. The first part of the wild type A2 domain, and G1629E mutant MD trajectories (in the time window between 50 ns to 125 ns of each run) were concatenated to calculate B (light gray in Figure S3A ). The remaining part (time windows between 125 ns and the end of the simulations) were used a posteriori to validate the resulting B (dark gray in Figure S3A ). By considering few PLS components (k) a high correlation (>0.8) was obtained in the validation data set ( Figure S3B ), thus validating the used approach. Structural differences presented in the main text correspond to the extreme structures separated by B, obtained as a linear combination of 4 PLS components (correlation of 0.95). Figure S3 . Partial least square functional mode analysis (PLS-FMA) to identify conformational changes due to the G1629E mutation during MD simulations of the VWF A2 domain. A. More than 60.000 snapshots were extracted from the MD trajectories of the A2 domain (both in its wild type or mutated form). Snapshots were labeled according to their mutation state: "0" if they corresponded to the wt or "1" to G1629E domain trajectories (see mutation state in black). Trajectories were splitted in two time windows: from 50 ns to 125 ns and from 125 ns to the end of the simulation. The first parts (50 ns-125 ns) were concatenated (both wt and mutant), to build the PLS vector (model building part). The second parts (>125 ns) were also concatenated and used to validate the resulting PLS vector (model validation part). From the obtained PLS vector, the mutation state was predicted , both for the model (light gray) and validation (dark gray) parts. B. The PLS vector was constructed by increasing the number of indepentent PLS components, and the correlation to the mutation state was monitored, both in the model building (light gray) and validation (dark gray) parts. In A, prediction of the mutation state was done with 4 PLS components.
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